Abstract. By using immunofluorostaining and confocal laser microscopy, acetylcholineinduced translocation of RhoA was visualized in freshly isolated bronchial smooth muscle cells of the rat. The cellular distribution of RhoA at rest was observed uniformly in the cytosolic space with no staining in the nucleus, whereas acetylcholine stimulation induced a relocalization of RhoA to the cell periphery. From the results of line scans and surface plots, the peripheral to cytosolic ratio of RhoA was significantly increased by acetylcholine stimulation. Thus, the present study clearly demonstrated an acetylcholine-induced translocation of RhoA to the plasma membrane in single bronchial smooth muscle cells of the rat.
dependent and -independent pathways. Although the mechanism of the Ca
2+
-independent contraction is not fully understood, an involvement of RhoA in the increased Ca 2+ sensitivity of myofilaments has been suggested (1), including in airway smooth muscle (2) . By using the selective Rho-kinase inhibitor Y-27632, it has been demonstrated that muscarinic stimulation of airway smooth muscle activates the RhoA/ Rho-kinase pathway to induce Ca 2+ sensitization during smooth muscle contraction (3) . Recent studies suggest an involvement of RhoA/ Rho-kinase-mediated augmentation of Ca 2+ sensitization in airway hyperresponsiveness in animal models of allergic bronchial asthma (3 -5) . Moreover, inhalation of Y-27632 can dilate bronchoconstriction induced by acetylcholine (ACh) and antigen challenge in guinea pigs in vivo (6) . It might therefore be important to understand the detailed mechanisms of agonist-induced Ca 2+ sensitization in airway smooth muscle contraction for the therapy of asthma.
Although the activation pathway of RhoA / Rhokinase by muscarinic stimulation in airway smooth muscle is not fully understood now, experimental evidence using subcellular fractionation and immunoblotting demonstrated a localization of RhoA to the particulate fraction when activated (7) . Here, we show direct evidence of acetylcholine-induced translocation of RhoA to the plasma membrane in freshly isolated rat bronchial smooth muscle cells by using immunofluorostaining and confocal laser microscopy.
All experiments were approved by the Animal Care Committees at the Hoshi University (Tokyo). The left main bronchus of male Wistar rat (6-week-old, specific pathogen-free) was isolated under chloral hydrate (400 mg / kg, i.p.) anesthesia. The bronchial tissue was transferred to ice-cold low calcium Krebs-Henseleit solution (LCKH; 139.0 mM NaCl, 5.4 mM KCl, 0.2 mM CaCl 2 , 1.47 mM MgSO 4 , 1.4 mM NaHCO 3 , 2.8 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , 11.0 mM glucose, pH 7.2) and adhering connective tissue and epithelium were removed as described previously (2) . The smooth muscle strip was isolated from cartilage and then incubated in buffer A (400 U / mL collagenase I, 7.5 U / mL elastase, 2.5 mg / mL BSA in LCKH) at 37°C for 30 min. Then the smooth muscle strip was carefully transferred to buffer B (200 U / mL collagenase I, 15 U / mL elastase, 2.5 mg / mL BSA in LCKH) and incubated for 30 min at 37°C. The enzymatic reaction was stopped by incubating it in buffer C (LCKH containing 10% fetal bovine serum) for 10 min at 37°C. After loosening the muscle strip by forceps, single smooth muscle cells were obtained by swaying the muscle strip gently in pre-warmed LCKH, and the cells were allowed to attach to a slide glass by incubating the cells at 37°C for 90 min. The cells were then equilibrated in normal Krebs-Henseleit solution (118.0 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 25.0 mM NaHCO 3 , 1.2 mM KH 2 PO 4 , 10.0 mM glucose, pH 7.4) at 37°C for 1 h. After the equilibration period, isolated single smooth muscle cells were stimulated with 10 -3 M ACh or untreated. The ACh concentration used in the present study revealed a maximal increase in membraneassociated RhoA in rat bronchial tissue (7) . Ten minutes later (a peak response was observed in the previous tissue study (7)), the cells were fixed with 3.5% formaldehyde and subsequently permeabilized with 0.5% Triton X-100 (for 10 min at room temperature, respectively). After blocking with 3% BSA in PBS (1 h Molecular Probes, Inc.) in blocking buffer at 37°C for 1 h. After frequent washing with PBS, coverslips were mounted on the slides with DABCO (Sigma). Immunostained cells were visualized by a confocal laser microscope (Radiance2100; Bio-Rad Laboratories, Hercules, CA, USA). The cellular peripheral to cytosolic ratios of the immunolabeled RhoA proteins were assessed for aactin positive cells, that is, bronchial smooth muscle cells. In brief, 2 line scans, each of the middle point between the nucleus edge and keen-edged cell surface, were performed across the width of a cell. By using a densitometry system (Atto Densitograph Software for the Macintosh ver. 4.0; Atto Co., Tokyo), pixel intensities over the outer 15% of each cell width were taken as an index of peripheral RhoA, whereas those over the remaining central 70% of the cell width were estimated as cytosolic RhoA (8, 9) . Ten cells were analyzed for each animal and the average was determined as N = 1. Data were expressed as the mean with S.E.M. Statistical significance of difference was determined by the unpaired Student's t-test.
The specificity of the antibodies used in the present study was confirmed by immunoblotting of rat bronchial tissue homogenate. Each antibody against RhoA (2) and a-actin (not shown) exhibited a single band with molecular weight of 21 and 41 kD, respectively, indicating that the antibodies used are specific for the proteins of interest. Almost all the cells freshly isolated by the method described above were a -actin-positive (e.g., Fig. 1: D and H) , indicating that bronchial smooth muscle cells were successfully isolated.
As shown in Fig. 1, B and C, the cellular distribution of RhoA proteins at rest was observed uniformly in the cytosolic space with no staining in the nucleus. ACh stimulation induced a relocalization of RhoA proteins to the cell periphery ( Fig. 1: F and G) , which means translocation of RhoA proteins to the cell membrane. Typical positions of line scans and surface plots at rest and stimulated by ACh are shown in Fig. 2, A -D . Based on the results of surface plots (Fig. 2: C and D) , the peripheral to cytosolic ratios of immunostained intensities were calculated as described above and are summarized in Fig. 2E . The peripheral to cytosolic ratio of RhoA proteins was significantly increased by ACh stimulation (3.02 ± 0.47 from 0.62 ± 0.02 of control, P<0.01), indicating that ACh induced a translocation of RhoA to the plasma membrane in single bronchial smooth muscle cells of the rat.
The length/ width ratios of individual cells were also measured as an index of smooth muscle cell contraction (i.e., cell shortening). As the results, the length / width ratio of ACh-stimulated cells (3.23 ± 0.12) was significantly decreased as compared with that of cells at rest (7.99 ± 0.75, P<0.01), indicating that cell contraction had occurred by ACh stimulation.
We previously demonstrated an ACh-induced Ca
sensitization in bronchial smooth muscle contraction of rats. The Ca
-sensitizing effect was sensitive to C3 exoenzyme (a RhoA inactivator) and Y-27632 (a Rhokinase inhibitor) (2, 3) , indicating that the RhoA / Rhokinase pathway is involved in the Ca 2+ sensitization. A subcellular fractionation experiment of ACh-stimulated bronchial smooth muscle strips also suggested an activation of RhoA, that is, translocation of RhoA proteins to the plasma membrane (particulate fraction) (7) . In the present study, we directly demonstrated the ACh-induced translocation of RhoA protein to the plasma membrane in freshly isolated single smooth muscle cell of rat bronchus. A functional association of RhoA activation and translocation has been suggested by evidence that both the Ca 2+ sensitization of contraction and the translocation of RhoA protein to membrane fraction were inhibited by ADP-ribosylation of RhoA (10) .
Although the signaling mechanism of activation of RhoA by plasma membrane receptor stimulation in smooth muscle is not yet clear, the mechanism of its cellular redistribution is considered to be as follows: By using constitutively active recombinant Val
14
-RhoA protein, it has been suggested that a posttranslational isoprenylation is required for activation and translocation of RhoA proteins since the effect of Val
-RhoA was impaired by lovastatin, an indirect inhibitor of geranylgeranylation of RhoA, which was restored by addition of mevalonic acid, a precursor of isoprene residues (11) . The geranylgeranylation increases the hydrophobicity of the protein and is required for its association with membrane and biological activity including Ca 2+ sensitization of smooth muscle contraction (12, 13) . At rest, the hydrophobic domain of geranylgeranylated RhoA is masked by being bound with a guanine nucleotide dissociation inhibitor of RhoA (Rho-GDI), and the RhoA / Rho-GDI complex is distributed uniformly in cytosolic space. When activated, RhoA is thought to bind to the cell membrane through the unmasked hydrophobic geranylgeranyl residue exposed by the release of Rho-GDI (14) . Recently, Miyazaki et al. (15) also visualized translocation of RhoA to the plasma membrane in primary cultured porcine tracheal smooth muscle cells by using the green fluorescent protein (GFP)-tagged RhoA expression technique. Although the physiological meaning of translocation of RhoA to the plasma membrane is not fully understood, they showed that carbachol stimulation induced a sustained translocation of GFPRhoA to the membrane concurrently with a sustained, Y-27632-sensitive phosphorylation of peri-membrane myosin light chain (MLC), whereas the stimulation also induced a transient phosphorylation of MLC at the inner space which is sensitive to the MLC kinase inhibitor ML-9. Here we demonstrate an ACh-induced translocation of endogenous RhoA proteins in freshly isolated bronchial smooth muscle cells. Translocation of Rho-kinase to the particulate fraction has also been reported (14) . It is thus possible that the translocated active form of RhoA may have an important role in tonic phase of smooth muscle contraction by increasing peri-membrane MLC phosphorylation via inhibition of MLC phosphatase.
In conclusion, ACh-induced translocation of RhoA was visualized at the level of single cells freshly isolated from rat bronchial smooth muscle. The methods described in the present study might be useful for understanding the activation pathway of RhoA protein via muscarinic receptors in intact cells of airway smooth muscle.
